Polyelectrolytes are macromolecules which carry a large quantity of ionizable groups along their chains. By dissolving them in suitable solvents, for example water, these groups dissociate in highly charged macroions and an equivalent quantity of low-molecular counter ions. Through the connection between polymer and electrolyte properties this class of materials obtains its peculiar characteristic behaviour. The experiments undertaken here, were carried out using a commercial, anionic polyacrylamide with different hydrolysis factors in aqueous solutions. The reduced viscosity reaches a maximum which depends on the polymer concentration. The maximum also depends on the molar mass and is a function of the hydrolysis factor of the polymer. 
INTRODUCTION
For the characterisation of the phenomenological effects of polyelectrolyte solutions, viscometric methods were exclusively applied for this paper. For the characterisation of the polymer solutions, the intrinsic viscosity was used. The intrinsic viscosity is a measure of the space requirement of a polymer molecule in a solution and it is required to determine the solution-structure range and the average molar mass.
In order to determine the intrinsic viscosity one first attempts to eliminate the influence of the viscosity of the solvent. This leads to a specific viscosity, which represents the relationship between the viscosity of the solution to the viscosity of the solvent:
The specific viscosity is divided by the polymer concentration to give the following equation for the reduced viscosity: (2) The reduced viscosity, η red , is a characteristic of the material. In this case, c p represents the polymer concentration in the solution, η the shear viscosity of the solution and η S the shear viscosity of the solvent. The reduced viscosity relates to a single particle, if the dissolved particles move independently of one another. However, that is only the case in strongly diluted solutions. It is therefore practical to measure the reduced viscosity for different shear rates, γ · , and for different concentrations, c p , and afterwards to extrapolate the reduced viscosity of the shear rates as well as the concentrations tending to zero. The limit of these considerations is the intrinsic viscosity or Staudinger-Index:
The extrapolation of the reduced viscosity of shear rates tending towards zero is necessary if the solution is non-Newtonian.
In the diagram of the reduced viscosity as a function of the concentration the characteristic curves of the non-ionic polymer solutions run linear and can be described by the Huggins equation or by similar equations, like the SchulzBlaschke equation.
Polyelectrolyte solutions show a strongly deviating behaviour when compared with neutral polymer solutions for very low concentrations. The reduced viscosity strongly increases with a decrease in polymer concentration, it reaches a maximum then decreases again. The reason for this maximum is the polyionic expansion due to the increase of the intermolecular interactions, as discussed in the literature [1, 2, 3] . In salt free polyelectrolyte solutions the shielding of the charges of the same sign on the polymer chains occurs only due to low-molecular counter ions. With decreasing polymer concentration the shielding of the charges decreases. This results in the increase of the persistence length of the molecule and with it, the stiffness of the chain. The chain configuration changes considerably with an increase of the chain stiffness. The expansion of the molecules is reduced by the addition of low-molecular counter ions. Based on this phenomenon a determination of the intrinsic viscosity is only partially possible by extrapolation.
The investigations for this work were carried out with commercially anionic polyacrylamides with various hydrolysis factors and molar masses. Different amounts of sodium chloride were added to a sample of the solution to control the Up until now, the presence of a maximum of the reduced viscosity of such polymers of high molar mass has not been investigated. Determinations of the intrinsic viscosity from viscosity measurements of dilute solutions of varying polymer concentration are widely conducted in industry as well as in research works. The measurements are used to obtain the viscometric average molar mass of the dissolved polymers, as well as the molecular dimensions represented by the root-mean-square end to end distances of the polymers. This information is useful for the characterisation of the rheological and physical properties exhibited by polymers in solutions or as melts.
THEORETICAL BACKGROUND
Polyelectrolytes have ionizable groups, which influence the structure of the polymer in the solution. These groups are dependent on the effective possession of charge of the molecule in characteristic ways. Due to the charge on the polymer chains additional forces are exerted on the polymer. The charges of the same sign on the chain endings lead to a repelling of the charged groups and with it to an expansion of the molecule. The repulsion strongly reduces movement within segments of the macromolecules especially in comparison with neutral polymers. As well as the intramolecular interactions, there also appear intermolecular interactions, which are the interactions between molecules. These are still present, as well as the intramolecular interactions. Both of these interactions can be purposefully influenced by the addition of lowmolecular electrolytes like, for example, sodium chloride.
The free moving, low-molecular counter ions, which diffuse into molecule expansions, neutralise the repelling charges from one another, so that the molecule expansion is reduced. The addition of the attracting potential of the macromolecules by the van der Waals forces as well as the repelling potential by the electrostatic forces creates a total potential, which reaches higher values for polyelectrolytes due to a large repulsion potential. Due to the increased electrostatic effect the determination of both the molar mass with the gel permeation chromatography and the intrinsic viscosity of such solutions with a simple extrapolation is not possible anymore.
The addition of low-molecular counter ions helps to neutralise the ions of the polyelectrolytes. Molar masses for polyelectrolytes are determined with this process by Kulicke and Klein [4] and Vink [5] . Furthermore, they determine the limiting viscosity of the protected polyelectrolytes with a simple extrapolation of the reduced viscosity tending towards zero.
CHARACTERISTICS OF POLY-ELECTROLYTE SOLUTIONS
Fuoss and Strauss [6] set up an empirical formula for the reduced viscosity of weak ionic and low concentration solutions, which claim be confirmed by their experiments.
Here A and B represent the physical constants and c p the polymer concentration. However, in order to determine the intrinsic viscosity with this equation a polymer concentration tending to zero is necessary. Hess and Klein [7] proved that Eq. (4) For polyelectrolyte solutions with high hydrolysis factors, especially polyacrylamides with an ionic strength greater than 40%, it is only possible to determine the intrinsic viscosity a present. Since the definition of the intrinsic viscos-
ity assumes that the concentration and the shear rate of the reduced viscosity tend towards zero. However the reduced viscosity over the concentration at very small concentrations shows a maximum, which is not sufficiently achievable, and Eq. (4) represents a linearization of these results. This equation is not appropriate to calculate the intrinsic viscosity, see Förster and Schmidt [9] or Cohen and Priel [1] .
When regarding Eq. (4) only a conventional viscosity number should be used for the values of the reduced viscosity with concentrations tending towards zero. A typical measuring range of the reduced viscosity as a function of the polymer concentration is shown in Fig. 1 .
Theoretical considerations of de Gennes et al. [10] , Kaji et al. [11] and Odijk [12] as well as Wolff [13] and experimental data from Cohen et al. [14] , Förster and Schmidt [9] and Gampert et al. [15] showed that the reduced viscosity for low polymer concentrations with decreasing concentration rises strongly and for polymer concentrations c p -> 0 falls again. This maximum is especially interesting from a scientific point of view because at this point the intrinsic viscosity provides information about the structure of the polymers in the solution.
Cohen et al. [14] theoretically derived the specific viscosity using previous theories from Hess and Klein [7] . They proved that, for salt free solutions, the concentration of the polyelectrolyte at the point where the reduced viscosity is at a maximum is independent on the molar mass of the polyelectrolyte. If salt is added to the solution the maximum decreases and the concentration at the maximum c p, max increases.
The works from Borsali et al. [16, 17] confirm these observations for highly hydrolysed polymers and low temperatures. For less strongly hydrolysed polyelectrolytes the position of the maximum displaces to values of lower concentration with increasing molar mass, whilst the value of the reduced viscosity increases. This leads back to the increase of the polyelectrolytic characteristics with increasing molar mass. Hereafter, for a molar mass M -w > 10 6 g/mol, c p, max ≈ M -w -1 is valid for the concentration at the point of the maximum.
Borsali et al. [17] investigated how the concentration at the point of the maximum depends on the hydrolysis factor of the polyelectrolytes.
Applied Rheology July/August 1999 For a constant salt concentration, the concentration at the point of the maximum increases with increasing hydrolysis factor. The value of the reduced viscosity at the point of the maximum increases. This behaviour explains strongly growing polyelectrolytic effects because of an increase in the hydrolysis factor. Further investigations concerning the maximum showed that, with increasing salt content the point of the maximum is displaced to higher concentrations of polyelectrolytes and the value of the maximum falls, so the polyelectrolyte is highly neutralised due to the addition of salt and with it the effects of the electrostatic interactions are reduced. In the work from Cohen and Priel [1] the quotient of the concentration of the polymer and the salt at the point of the maximum is described as being linearly dependent from the product of the salts doubled ionic strength, I, and the salt concentration, i.e. (c p / c s ) max ≈ 2I c s .
Antonietti et al. [18, 19] determined the intrinsic viscosity for polyelectrolytes dependent on the molecular radius, the Bjerrum radius and the molar mass. The Bjerrum radius is a function of the effective Zeta-potential and the Bjerrum length, which is dependant on the dielectric constant. The calculation of the intrinsic viscosity of technical ionic polyacrylamides is only partially possible because of the experimental, but not easily accessible Bjerrum radius and the polydispersion.
The field of particle solutions of polyelectrolytes can be divided into four ranges due to structure. The first range is characterised by single non-aligned, rod-like polyelectrolytes, which mutually exert no interactions on one another. On the basis of the starting interactions the rodlike polyelectrolytes align themselves in one direction causing electrostatic fields with increasing polymer concentration. The maximum of the reduced viscosity is the transfer of the non-aligned structure of the polyelectrolyte to the alignment of the polyelectrolyte. With increasing alignment the reduced viscosity falls.
With increasing concentration a three-dimensional lattice structure is formed. The further increase in concentration leads to a deformation of the polyelectrolyte chains and with it, to a final formation of a stable network. Fig. 2 shows the schematic representation of different concentration ranges of the polyelectrolyte solutions.
EXPERIMENTAL RESULTS
The experimental investigations were carried out with the rotary viscometer 'Low Shear 30' manufactured by 'Contraves'. A commercially anionic polyacrylamide produced by BASF called Sedipur AF 701 was used. This is a 70% parthydrolysed polyacrylamide with a molar mass of about 14 * 10 6 g/mol. Since the results are strongly dependent on the quality of the solvent the investigations had to be carried out with highly purified water as the solvent. Depending on the experiment, 0, 0.1 or 0.2 mol/l of sodium chloride were added to the solutions. This addition was necessary in order to control the neutralisation of the negative charges on the ends of the polymer chains. Fig. 3 represents curves of shear viscosity as a function of shear rate for different concentrations of the polymer solution Sedipur AF 701 dissolved in highly pure water with a salt concentration of 0.2 mol/l NaCl. The paths of these curves correspond to the typical path of a viscoelastic fluid. A range independent of shear i.e. the first Newtonian range as recognised for low shear rates. Inside the first Newtonian range the condition c p -> 0 for the determination of the intrinsic viscosity is fulfilled.
If these curves of shear viscosity as a function of shear rate are viewed as a function of the concentration it becomes clear that the shear viscosity firstly rises. With further increase in concentration the shear viscosity falls again in comparison to non ionic polyacrylamide solutions with increasing concentration. After achieving a minimum the shear viscosity increases again.
Applied Rheology July/August 1999 This phenomenon is especially clear by the representation of the zero shear viscosity as a function of the concentration, compare to Fig. 4 . Additionally, two further polymer solvent systems are performed for comparison. The first concerns the polyacrylamide Sedipur AF 701 dissolved in highly pure water but without the additional low-molecular counter ions. The other concerns a non-ionic polyacrylamide with the molar mass of about 5 * 10 6 g/mol. This non-ionic polymer was manufactured at the department of Applied Mechanics by radical polymerisation. For a nonionic polyacrylamide a increasing concentration a continual increase of the zero shear viscosity is seen. The zero shear viscosity clearly increases for polymer concentrations in the range of the transition to the network.
The peculiarity of the increase and decrease of the shear viscosity with increasing polymer concentration for the ionic polyacrylamide dissolved in highly pure water and 0.2 mol/l NaCl represented in Fig. 3 . It is clear to see in this case a fluctuation of the trend line at the concentration of 0.006 g/l. This fluctuation is caused by the rapid increase of the viscosity from 0.005 g/l to 0.006 g/l. The usual representation of the reduced viscosity as a function of the polymer concentration as a determination of the intrinsic viscosity is represented in Fig. 5 .
Here, for the data in the literature, for example Antonietti et al. [18] and Cohen and Priel [1] , a linear-logarithmic representation was chosen, in order to compare the effect of the maximum better.
DISCUSSION OF THE RESULTS IN COMPARISON WITH THE LITERATURE
The curve represented in Fig. 5 can be divided into four areas as described earlier. Starting from very low polymer concentrations, in which an apparently constant value of the reduced viscosity is present, then a rapid increase of the reduced viscosity is achieved with an increase of the concentration. This range is characterised according to de Gennes et al. [10] and Odijk [12] by the single non-aligned, rod-like polyelectrolyte chains which mutually exert no interactions on one another. If the concentration increases the radii of the interactions of the macromolecules begin to touch. This is recognisable by the maximum in the diagram of reduced viscosity. As a maximum is achieved measured values of the zero shear viscosity fall again. This decrease is however not as strong as the increase. This leads back to the electrostatic field caused by the initial interactions with increasing polymer concentration, through which the rod-like polyelectrolyte chains are forced to arrange themselves in one direction. The reduced viscosity also decreases with increasing alignment. A further increase in the concentration forces the polyelectrolyte chains to form a three-dimensional, non-contact lattice structure. The maximum of the reduced viscosity is at the transition from the non-aligned structure to the alignment of the polyelectrolyte chains. A repeated increase of the concentration leads to a deformation and to a partial overlap of the polymer chains, which is connected with an increase in the reduced viscosity. When observing the rapid increase of the reduced viscosity in the range of the transition from the non-aligned to aligned solution structure it is to be taken into consideration that this
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Applied Rheology July/August 1999 follows a 20% increase in the concentration. Supplementary investigations with the polyacrylamide Sedipur AF 701 dissolved in highly pure water and an addition of salt of 0.1 mol/l NaCl gave the maximum at the same position again, contrary to the results of Cohen and Priel [1] as well as de Gennes et al. [10] . This probably refers to the relatively high salt concentrations and the polydispersion of the polymer in use. No maximum could be detected for this polymer dissolved in highly pure water without the addition of low-molecular counter ions and for solutions with salt concentrations c s < 0.01 mol/l NaCl. This refers to a displacement of the maximum to lower concentrations with the decrease of the counter ions in the solution. The theoretical maximum therefore lies outside the measuring range.
SUMMARY
It can be seen that a maximum appears in the curve of the reduced viscosity as a function of the polymer concentration for solutions of ionic polyacrylamides. As for polyelectrolytes which have a molar mass greater than 10 6 g/mol, the determination of the maximum is not always possible as there are influences which result in an especially strong anisotropy and the maximum is then displaced to lower polymer concentrations. A simple extrapolation is connected with large uncertainties, since the maximum of the reduced viscosity is not taken into consideration. Another method to calculate the intrinsic viscosity is only possible for commercially ionic polyacrylamides because of the experimental, only partially accessible Bjerrum radius and the polydispersion.
